The present study examined the mechanism of a low protein (LP) diet on hepatic lipid 20 metabolism during gestation and lactation. Timed-pregnant Sprague-Dawley rats were fed a 21 control or an LP diet during gestation and lactation. LP dams had increased hepatic triglyceride 22 accumulation and significantly higher aspartate/alanine transaminase ratio, accompanied by a 23 decrease in circulating very low-density/low-density lipoprotein ratio. LC3B (Microtubule 24 Associated Protein 1 Light Chain 3 Beta) expression was stimulated in LP dams along with 25 increased histone acetylation. LP diet-induced co-localization of the LC3 binding motif-26 interacting proteins APOB or MTTP with LC3B, suggesting autophagic degradation. HDAC3 is 27 found necessary to prevent lipid accumulation in response to amino acid deprivation in HepG2 28 cells. LC3B-mediated APOB protein degradation is related to increases in lipid accumulation. 29 Conclusion: HDAC3 regulated LC3B-induced lipid accumulation potentially through 30 autophagic degradation of APOB and MTTP in response to amino acid limitation caused by a 31 low protein diet. 32 33 34 35 36 37 38 39 40 41 90 Timed-pregnant Sprague-Dawley rats (n=7 per group) were obtained from Charles River 91 Laboratories (Charles River Laboratories), randomly assigned into one of the two isocaloric diets 92 (Research Diets Inc): control diet (Control, 20 kcal% protein) or low protein diet (LP, 8 kcal% 93 protein) from day 2 of gestation to the end of lactation (Table 1) . Diet composition has been 94 described previously (48). After delivery, ten pups were randomly assigned to each lactating 95 dams until weaning. Animals were housed individually in standard polycarbonate cages in 96 humidity-and temperature-controlled environment on a 12-h light-dark cycle. Temperature is 97 maintained around 18-23 ˚C and humidity is kept around 40-60%. Body weight and food intake 98 were recorded every other day.
INTRODUCTION 44
A low-protein (LP) diet (8% protein) during pregnancy and lactation causes adverse 45 physiological impacts on mother and offspring (39) . A pregnant LP diet reduced body weight 46 gain in rats (51). Our group shows that a protein restriction diet during pregnancy results in 47 value at 570 nm. Results were considered to be acceptable with a CV less than 15%, as 134 recommended by the manufacturer. The results fell within recommended detection limits.
135
Hepatic Nuclear Extraction and HDAC Activity Analysis 136 To isolate nuclear protein, nuclear extraction was performed according to a modified 137 protocol (40). 200 mg of liver tissue from seven animals in each group were homogenized and 138 washed in ice-cold PBS. Samples were then incubated and washed in a buffer containing. Then, 139 samples were washed and resuspended in a buffer containing. The resulting suspension was then 140 centrifuged to collect the supernatant. Protein concentration was determined using the Lowry 141 method. To determine global HDAC activity in the liver, HDAC Activity Colorimetric Assay Kit 142 (Catalog# K331-100, Lot# 5H05K03310, BioVision Incorporated, CA) was utilized according to 143 the assay protocol provided by the manufacturer. Briefly, 200-300 µg nuclear extract in a total 144 volume of 85 µL were diluted with ddH 2 O and measured using the kit in duplicate, both positive 145 and negative control were included. The results were expressed as the relative O.D. value per µg 146 protein sample in a manner of mean ± SEM, n = 7. 148 Total RNA was isolated using TRI Reagent (Sigma-Aldrich, Cat. T9424) according to the Biosystems) as previously reported (47) . Information about oligo primers for rat and human used 156 in this study is included in Table 2 . Standard curves with a slope of -3.30 ± 0.20 and R 2 ≥0.99
147

RNA Isolation and RT-PCR Analysis
Frozen liver samples were embedded in Tissue-Tek OCT compound (VWR) and cut to a 178 thickness of 5 μm in a cryostat at -20 C. The sections were fixed in 70% ethanol, permeabilized 179 with 0.1% Triton X-100, blocked with Image-iT FX signal enhancer (Invitrogen, Cat. I36933) 180 for 30 min. To investigate the co-localization of LC3B (Abcam, Cat. Ab48394) with ApoB 181 (Santa Cruz, Cat. sc-11795) and MTTP (Santa Cruz, , primary antibodies were 182 incubated for 2 h at 37 °C, followed by incubation with appropriate secondary antibodies 183 (Invitrogen, 1:200 dilution, Alexa 647-labeled goat-a-rabbit, Cat. A21245; Alexa 488-labeled 184 rabbit-anti-goat, Cat. A11078) and BODIPY493/503 (1:1000, Invitrogen, Cat. D3922) for 45 185 min in a dark chamber. The samples were then counterstained with DAPI (Roche, Cat. 186 10236276001) for 15 min and washed with PBS. Coverslip was mounted using Prolong Gold 187 antifade reagent (Invitrogen, Cat. P36934). Pictures were taken by LSM700 confocal microscope 188 (Carl Zeiss Microscopy, LLC). Antibodies are listed in Table 3 . 189 Chromatin Immunoprecipitation (ChIP) 190 To determine specific histone modifications and HDAC3 binding on the promoter of 191 LC3b, ChIP analysis was performed according to a modified protocol (52) . Briefly, 200 mg 192 frozen liver was ground in liquid nitrogen and suspended in PBS. Protein-DNA cross-linking 193 was performed and sheered on ice by a Sonic Dismembrator (Fisher Scientific, Model F100) for 194 40 s at a power setting 5 with 2 min cooling interval between each burst, four bursts for rat 195 samples and 5 bursts for cell samples. Sheared chromatin incubated with specific antibodies (see 196 figure legends), and precipitated with pre-blocked protein G-agarose beads (Millipore, quantitative PCR using primers specific to the promoter region of the Map1lc3b gene (Table 2) .
202
The results are presented as a ratio to input DNA. Antibodies are listed in Table 3 .
203
Cell Culture and Transfection Assay
204
H4IIEC3 and HepG2 cells were obtained from ATCC. The cells were maintained in 205 minimum essential medium (MEM), as previously reported (47) 
RESULTS
238
A Low Protein Diet-Induced Hepatic Lipid Accumulation and Damaged Liver Function in Rat 239
Dams 240
As a first approach to gain insight into the physiological impact of an LP diet during 241 gestation and lactation, food intake, body and liver weight, as well as histological analysis were 242 investigated. Gestational food intake of the LP dams appeared to be lower but not significantly had decreased hepatic glycogen than the Control dams, suggesting TG is the main contributor to 254 an enlarged liver. The ratio of TG to glycogen (>2:1) has been used as a pathological parameter 255 for ketosis suggesting imbalanced lipid metabolism (15). The ratio of TG to Glycogen in the LP 256 dam is around 10, which is way higher than the Control dam (2.5). This suggesting increased 257 ketosis in the LP dam. Moreover, the glycogen content agreed with deceased insulin in LP dams 258 (p<0.05, Table 4 ). Serum AST and ALT were analyzed to evaluate liver function in rat dams. LP 259 dams had an increased ratio of circulating AST to ALT (ratio>2, p<0.05, Table 4 ), indicating 260 potential risks of fatty liver disease (28).
261
In order to further investigate the effects of enlarged liver, H&E and Oil Red O staining 262 were performed. LP dams had more hepatic vacuolations than Control dams (Fig. 1C ), and the 263 LP diet increased hepatic lipid accumulation by 7-fold (p<0.05, Fig. 1C and 1D ).
264
A Low Protein Diet-Induced Hepatic LC3B in Rat Dams
265
It has been shown that the initiation of autophagy is associated with lipid droplet 266 formation surrounding LC3 in mouse hepatocyte (35, 37 ). An in vitro study showed that amino 
278
A Low Protein Diet-Induced Hepatic LC3b Histone Acetylation and Involved HDAC3
279 Repression 280 To further investigate the molecular mechanism of increased LC3B expression, histone 281 modification on the promoter of LC3b was analyzed. LP diet increased acetylation of histone H3 282 (H3Ac) and dimethylation of histone H3 lysine 4 (H3K4Me2) on the promoter of LC3b than 283 Control dams (p<0.05, Fig. 2D ), which was correlated with transcriptional activation (20).
284
Additionally, the LP diet caused decreased binding of HDAC3 at the promoter of LC3b (p<0.05, 285 Fig. 2E ) as well as the decreased hepatic Hdac3 mRNA expression in rat dams (p<0.05, Fig. 2E , 286 inset). In vitro protein expression of HDAC3 was reduced in H4 cells with amino acid-depleted 287 (-AA) media (p<0.05, Fig. 2F ). Moreover, in vitro results showed decreased binding of HDAC3 288 at the promoter of LC3b in H4IIEC3 cells, a rat hepatoma cell line (p<0.05, Fig. 2G ).
289
To determine if the activity of HDAC3 depends on cellular energy status and relies on the 290 availability of amino acids, the global HDAC3 activity in the nucleus was measured in LP dams' 291 liver. We did not detect a significant change in HDAC3 activity by the LP diet (Supplemental 294 To determine whether a decrease of HDAC3 increased LC3B expression and lipid ). In the control medium, protein expression of LC3B was increased in HDAC3-silenced cells.
293
Knockdown of HDAC3 Induced Lipid Accumulation and LC3B Expression in HepG2 cells
301
However, the mRNA expression of LC3b was unchanged ( Fig. 3C and 3D ). This may be because 302 the mRNA expression did not necessarily predict protein levels (43, 46) . This phenomenon may Interestingly, the protein and mRNA expression levels of LC3B were not significantly different 313 in HDAC3-overexpressing HepG2 cells in -AA treatment ( Fig. 4C and 4D ). However, lipid accumulation, induced in -AA, was abolished in HDAC3-overexpressing HepG2 cells (p<0.05, 315 Fig. 4E and 4F ). The increased lipid accumulation by overexpressing HDAC3 has been 316 previously reported (42). HDAC3, as an epigenetic modifier, could modify transcription of lipid 317 metabolism-related genes on a genome level (16), and which could be independent of Lc3b 318 expression. In our study, knockdown and overexpression of HDAC3 suggested that repression of 319 HDAC3 induced LC3B, and HDAC3 was required to prevent lipid accumulation in response to -320 AA in HepG2 cells. Overall, lipid accumulation potentially was attributed to impaired VLDL synthesis in our study, despite the changes in de novo lipogenesis and beta-oxidation.
321
A Low Protein Diet Selectively Induced ApoB and MTTP Autophagy in Rat Dams
338
To examine the specificity of APOB and MTTP autophagic degradation, LIR was found 339 in APOB and MTTP protein sequences ( Fig. 5A ), suggesting that autophagy potentially degraded 340 APOB and MTTP specifically and blocked hepatic lipid export. To investigate the interaction 341 between LC3B and APOB, LC3B and MTTP, the co-localization of LC3B and APOB, LC3B and 342 MTTP were analyzed by immunofluorescence. In the Control group, neither APOB nor MTTP 343 co-localized with LC3B; however, LC3B strongly co-localized with APOB ( Figure 5B ) and 344 MTTP ( Figure 5D ) in LP groups. Quantification showed that the LP diet increased LC3B and 345 decreased APOB and MTTP abundance than Control groups in rats (p<0.05, Fig. 5C and 5E ).
346
Absence of LC3B increased APOB Protein Abundance and its Presence Induced Lipid
347
Accumulation in Response to Amino Acid Deprivation in HepG2 Cells
348
To fully understand the connection between LC3B and APOB proteins, LC3 was knocked 349 down and overexpressed in HepG2 cells. The protein abundance of APOB was significantly 350 higher in LC3B-silenced cells, while as overexpression of LC3B did not alter the APOB protein 351 level in HepG2 cells (p<0.05, Fig. 6A and 6B ).
352
To determine whether LC3B increased lipid accumulation in response to amino acid 353 deprivation, knockdown of LC3B by siRNA was applied in HepG2 cells. Protein and mRNA 354 expression of LC3B were decreased in LC3B-silenced cells (p<0.05, Fig. 6C ). Knockdown of 355 LC3B abolished lipid accumulation in -AA treatment (p<0.05, Fig. 6D and 6E ). To further 356 investigate the mechanism, LC3 was overexpressed in HepG2 cells. Overexpression of LC3 357 showed increased protein and mRNA expression of LC3B (p<0.05, Fig. 6F ). Oil red O showed 358 that overexpression of LC3 increased lipid accumulation in both MEM and -AA treatments 359 (p<0.05, Fig. 6G and 6H) .
Overall, our results show that the repression of HDAC3 increased LC3B expression and 361 caused lipid accumulation potentially through APOB-targeted autophagy (Figure 7) .
362
DISCUSSION
363
To the best of our knowledge, our study is the first to show that protein restriction during 364 pregnancy and lactation in rat dams degraded APOB protein through the activation of an 365 autophagy marker, LC3B, results in hepatic lipid accumulation. We showed that an LP diet 366 during pregnancy and lactation impaired liver function and increased hepatic lipid accumulation, 367 which is associated with an increased LC3B level. HDAC3, an epigenetic modifier, inhibited 368 Lc3b expression, and the inhibition was unrepressed by protein restriction. Furthermore, we 369 showed that increased LC3B promoted the degradation of APOB protein, results in increased 370 hepatic lipid accumulation.
371
An LP diet throughout pregnancy and lactation impaired maternal physiology and lipid 372 metabolism. We showed that rats fed an LP diet during pregnancy and lactation had enlarged suggesting potentially impaired VLDL synthesis in the liver. We further showed that the LP diet 384 decreased de novo lipogenesis and increased fatty acid beta-oxidation. The decreased circulating 385 VLDL may cause hepatic lipid accumulation, and which is potentially attributed to decreased 386 APOB and MTTP. Our study is among the first to reveal that LP diet during pregnancy and 387 lactation damaged liver function, increased hepatic TG and lipid accumulation in rats.
388
The LP diet-induced hepatic degradation of APOB and MTTP was potentially associated 389 with autophagy, leading to increased lipid accumulation. Autophagy is associated with lipid 390 droplet formation in in vitro studies (35, 37) . Our findings show that the LP diet increases hepatic 391 autophagy marker LC3B level, which coincides with increased lipid accumulation. Inhibition of 392 autophagy increases TG storage in hepatocytes and mouse livers (37). However, in our study, 393 knockdown of LC3B did not increase lipid accumulation, suggesting a different molecular 394 mechanism. It is possible that autophagy initiation required lipid-droplet formation, and 395 autophagy degraded lipids for fuel after prolonged amino acid deprivation. This may explain 396 why the abundance of LC3B, with the BODIPY signal in our study. Given that autophagy is a 397 dynamic process, we observed three possible stages of LC3B co-localization with BODIPY 398 signal in the liver including positive, negative and no-correlation between LC3B and BODIPY 399 signal. Moreover, it has been shown that essential amino acid deprivation halts lipid mobilization 400 from the liver to peripheral tissues such as muscle, but the mechanism was not well elucidated 401 (2). Evidence of the degradation of APOB and MTTP has alluded to the potential involvement of 402 autophagy. In hepatic cells, large APOB protein could be aggregated in the cytosol and degraded fully assessed in this study, we showed that overexpression and knockdown of HDAC3 could 424 influence the LC3B level in the liver. Therefore, HDAC3 is one of the mechanisms that are 425 required to prevent increased lipid accumulation in response to amino acid deprivation in liver 426 cells.
427
Our objective is to understand how an LP diet during pregnant and lactation affected 428 maternal physiology. It has been shown that the LP diet could increase lipid accumulation and affect lipid metabolism in the liver (9, 29). However, there is limited evidence on whether an LP 430 diet affects ApoB and MTP levels; almost no studies focus on autophagic degradation and 431 epigenetic regulation. We are the first to investigate the inter-relationship among protein 432 restriction, lipid metabolism, autophagy and epigenetic regulation using gain-and loss-of 433 function approaches. This will help us understand the molecular mechanism of maternal 434 physiology under dietary stress such as protein restriction.
435
In conclusion, our results demonstrated the molecular mechanism that a pregnant and 
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Figure 7
Hepatocyte Amino Acid Limitation (LP diet)
